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Nanoscale photothermal sources find important applications in theranostics, imaging, and catal-
ysis. In this context, graphene offers a unique suite of optical, electrical, and thermal properties,
which we exploit to show self-consistent active photothermal modulation of its nanoscale response.
In particular, we predict the existence of plasmons confined to the optical landscape tailored by
continuous-wave external-light pumping of homogeneous graphene. This result relies on the high
electron temperatures achievable in optically pumped clean graphene while its lattice remains near
ambient temperature. Our study opens a new avenue toward the active optical control of the
nanophotonic response in graphene with potential application in photothermal devices.
I. INTRODUCTION
Heat deposition via light absorption in nanostructures
constitutes a useful tool for controlling nanoscale thermal
sources [1–3], with potential application in photother-
mal therapy [4–6], nanoimaging [7, 8], nanocatalysis [9],
data storage [10], and hot-electron devices [11]. Impor-
tantly, plasmons in metallic nanostructures enable res-
onant enhancement of photothermal effects, which can
be manipulated down to the nanometer scale [1–3]. Re-
cently, highly doped graphene has emerged as an out-
standing two-dimensional material capable of supporting
extremely confined surface plasmons that can be actively
tuned by varying its Fermi energy through electrical gat-
ing and chemical doping [12–25], with application in op-
tical modulation [23, 26–29], light detection [17, 21, 30–
33], and sensing [34–36]. Additionally, the photother-
mal response of graphene is particularly appealing be-
cause of the combination of the following three proper-
ties: (i) the low number of electrons needed to sustain
plasmons in this material compared with conventional
three-dimensional metallic structures; (ii) its low elec-
tronic heat capacity; and (iii) the strong variation of its
optical response produced by electronic heating. Proper-
ties (i) and (ii) lead to unusually high electron temper-
atures under resonant pumping conditions [25, 37, 38],
while properties (ii) and (iii), which originate in the con-
ical electronic bands of graphene [25], give rise to an ex-
traordinary photothermal response.
Due to the generally weak electron-phonon coupling
in graphene, the electron temperature can reach signifi-
cantly high values above the lattice background [37, 39].
However, electron-phonon coupling has a dramatic de-
pendence on material quality: in exfoliated clean sam-
ples, it is extremely weak and characterized by a relax-
ation rate that depends linearly on electron-temperature;
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in contrast, more disordered CVD graphene samples are
characterized by a higher relaxation rate with a cubic
dependence on electron temperature. The possibility of
spatially patterning the electron temperature to manipu-
late the optical response of graphene appears as a poten-
tially useful approach that deserves further investigation.
In this Letter, we theoretically investigate the pho-
tothermally induced optical response of graphene and
reveal a radically different behavior in clean and dis-
ordered layers leading to unprecedented plasmonic be-
havior. More precisely, we account in a self-consistent
manner for the interplay between optical absorption,
heat dissipation, and spatial modification of the elec-
tron temperature and optical conductivity under attain-
able continuous-wave (CW) illumination, and find that
weak electron-phonon coupling in clean graphene results
in high electron temperatures, while the lattice stays
near the ambient level. We exploit this effect to predict
(1) a dramatic photothermal modulation of plasmons in
graphene ribbons and (2) the existence of plasmons that
couple efficiently to external light in homogeneous ex-
tended graphene by photothermally patterning a peri-
odic modulation of the optical response. These results
illustrate the potential of photothermal engineering to
control the plasmonic properties of both structured and
extended graphene.
II. RESULTS
We adopt the local random-phase approximation
(local-RPA) to describe the temperature-dependent op-
tical conductivity of graphene σ(ω) [25, 38, 40, 41], com-
bined with a two-temperature model [42] to characterize
the position-dependent electron and lattice temperatures
(Te and Tl) under CW illumination in the steady-state
regime of heat dissipation (see details in the Appendix).
The model incorporates the 2D in-plane thermal elec-
tron and lattice conductivities (κe and κl, obtained from
their bulk counterparts by multiplying by the graphene
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2thickness t = 0.33 nm) to self-consistently calculate the
temperature spatial distributions, which are imprinted
on the optical conductivity σ through its dependence
on Te [25, 38, 40, 41]. Electron-phonon coupling is ac-
counted for by a power-density coupling g (Te − Tl) for
clean graphene and A
(
T 3e − T 3l
)
for disordered graphene
[43–47], where g and A are material-quality-dependent
constant coefficients. Additionally, we phenomenologi-
cally introduce thermal coupling from the graphene lat-
tice to the substrate through a term G (Tl − T0), where G
is a thermal boundary conductance and T0 is the ambi-
ent temperature. In our simulations, we take T0 = 300K
and assume parameter values consistent with reported
measurements (see Appendix for further details): g ∼
104W/m2K, A = 2.24W/m2K3, and G = 5MW/m2K
[48–50]; κl/t = 100W/mK [51, 52]; and κe = 0.1κl
[53]. Specific values for the Fermi energy EF and the
EF-dependent coefficient g are given in the figure cap-
tions. Regarding optical damping, we assume a conserva-
tive inelastic scattering time τ = 66 fs (~τ−1 = 10meV)
in both clean and disordered graphene. Although higher
τ ’s have been observed in clean graphene at low temper-
atures [54, 55], it varies with temperature [56] and our
assumed value is realistic when considering high electron
temperatures. We use a finite-element method for the
latter and iterate the electromagnetic and thermal solu-
tions until self-consistency is achieved typically after∼ 10
iterations. We consider graphene either supported or em-
bedded in an isotropic dielectric of permittivity h = 4.4.
We first study a graphene ribbon (width W = 300nm)
under normal-incidence illumination with transversal po-
larization [inset to Fig. 1(a)]. A prominent plasmon is
observed in the absorption spectrum of Fig. 1(a) for low
light intensity (dashed curve). The spectrum remains
nearly unchanged at high intensity (I inc = 100MW/m2)
in disordered graphene (red solid curve), whereas the
plasmon peak undergoes a ∼ 10% redshift in clean
graphene (blue solid curve). We attribute this different
behavior to the much weaker electron-phonon coupling
in clean graphene [47], which leads to an elevated elec-
tron temperature Te ∼ 1400K, in stark contrast to the
mild increase in Te for disorder graphene, as shown in
Fig. 1(b).
When varying the incident light intensity in the
I inc =1-100MW/m2 range, we find a systematic red-
shift and broadening of the absorption peak in the clean
graphene ribbon (Fig. 2). Further increase in intensity up
to 200MW/m2 produces a large distortion in the absorp-
tion spectrum, resulting from the non-monotonic temper-
ature dependence of both the graphene conductivity and
the resulting transverse ribbon plasmon energy (see Fig.
4 in the Appendix). The latter admits the analytical
expression [25]
~ωp = (e/
√−piη1h)
√
µD/W,
where η1 = −0.0687 is an eigenvalue corresponding to
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FIG. 1: Plasmon photothermal effect in a graphene rib-
bon. (a) Normalized normal-incidence absorption cross-
section spectra at the spectral peak for a nanoribbon (width
W = 300nm, EF = 0.4 eV, g = 3.84 × 104W/m2K, embed-
ded in h = 4.4) made of either clean or disordered graphene
(solid curves), based on a self-consistent description of heat
dissipation for an incident light intensity I inc = 100MW/m2.
We show results in the low I inc limit for comparison (dashed
curve, obtained analytically [41, 57, 58], see the Appendix).
(b) Variation of the electron temperature across the ribbon
for clean and disordered graphene. We find the lattice tem-
perature to be close to the assumed ambient value of 300K
(see Appendix). We describe graphene using the temperature-
dependent local-RPA conductivity [25] with a phenomenolog-
ical inelastic lifetime τ = 66 fs (~τ−1 = 10meV). Thermal
parameters are given in the main text.
the lowest-order dipolar transverse plasmon, while
µD = µ+ 2kBTe log
(
1 + e−µ/kBTe
)
and
µ = EF
[(
1 + ξ4
)1/2 − ξ2]1/2 ,
with ξ = (2 log2 4)(kBTe/EF)2, are the temperature-
corrected Drude weight and chemical potential, respec-
tively [38]. This expression [solid curve in the inset to Fig.
2(a)] is in excellent agreement with the computed spec-
tral peaks (symbols) when using the calculated spaced-
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FIG. 2: Light-intensity dependence of the plasmon photother-
mal effect. (a) Absorption spectra of the graphene nanorib-
bon considered in Fig. 1 for a wide selection of light inten-
sities. The spectra are dominated by the lowest-order trans-
verse plasmon, the frequency of which is shown in the inset
as a function of electron temperature. (b) Space-averaged
temperatures (lattice Tl and electrons Te) as a function of
light intensity at the absorption peak frequencies of (a). We
present results for both clean (solid curves) and disordered
(dashed curves) graphene.
averaged values of Te as input. Interestingly, the plas-
mon FWHM is smaller for I inc = 200MW/m2 than for
dimmed illumination (Figs. 1 and 5 in the Appendix).
Remarkably, under these attainable conditions, the
electrons reach a temperature above 2500K in clean
graphene, while the lattice remains near the ambient
level [Fig. 2(b)]. We stress again that this is in stark
contrast to disordered graphene, for which the spectra
remain nearly unchanged within the considered intensity
range and the electron temperature hardly exceeds 400K
(Fig. 2(b) and Fig. 6 in the Appendix) due to a more ef-
ficient electron-phonon coupling.
We obtain further insight into the photothermal re-
sponse of clean graphene by adopting the reasonable as-
sumption Tl ≈ T0, which effectively decouples the lat-
tice from the electronic system (see Figs. 6-8 in the
Appendix), so that heat dissipation is fully described
through
∇ · κe∇(Te − T0)− g(Te − T0) ≈ −pabs, (1)
where pabs is the power density of optical absorption.
Further assuming a constant value of κe, this equation al-
lows us to obtain a characteristic electronic-heat-diffusion
distanceDe =
√
κe/g. Indeed, a measure of the degree of
heat localization is provided by the electron temperature
profile produced by a line heat source, Te(x) ∝ e−|x|/De ,
as a function of distance x to it. Under the conditions
of Figs. 1 and 2, we have De ≈ 293 nm∼ W , which ex-
plains why Te is nearly uniform across the ribbon, unlike
the cosine-like pabs transversal profile associated with the
dipolar plasmon under consideration (see Fig. 9 in the
Appendix). The uniformity of Te now allows us to write
the analytical estimate
Te = T0 + I
inc(σabs/Area)/g
for clean graphene, represented in Fig. 2(b) [symbols,
with σabs/Area taken at the peak frequencies of Fig.
2(a)], in excellent agreement with full numerical simu-
lations (solid blue curve).
Incidentally, the values of the relaxation time τ and
the out-of-plane thermal conductance G, which depend
on both the material quality and the properties of the
surrounding media, affect Te and Tl: they increase with
decreasing G, while the opposite behavior is observed
for decreasing optical damping τ−1 (see Fig. 7 in the
Appendix). Nevertheless, the influence of G is minor
under the conditions here considered because Tl ≈ T0.
Plasmon confinement in graphene has so far been
achieved through lateral patterning (e.g., in ribbons
[23, 28]), inhomogeneous doping [59], or nanostructured
dielectric environments [60, 61]. These approaches re-
quire the use of nanolithography, which is generally detri-
mental for the graphene quality. Motivated by the above
study for graphene ribbons, we explore next a radi-
cally different method for producing and actively tuning
plasmon confinement in extended, unpatterned graphene
that does not require nanostructuring: spatially mod-
ulated optical heating can be applied by projecting an
on-demand pump pattern, thus configuring an inhomo-
geneous graphene optical response capable of trapping
plasmons and molding their spatial profiles with a reso-
lution limited by far-field diffraction to roughly half the
pump wavelength λpump/2.
We demonstrate the feasibility of this concept by con-
sidering an extended clean graphene sheet (EF = 0.3 eV
doping, supported on a substrate h), on which a pump
light grating is formed by interfering two coherent s-
polarized CW plane waves (λpump = 785 nm, inten-
sity Ipump = 5 − 160GW/m2 each, incidence angles
±θ = ±5.6◦). The in-plane electric-field pump intensity
is then 4Ipump cos2 [2pi sin θ(x/λpump)], where we take the
beam directions to lie on the plane formed by the surface
normal and the in-plane x axis. Incidentally, we obtain
a graphene absorbance (4piIm{σ}/c)|ts|2 ∼ 0.002− 0.008
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FIG. 3: Photothermal patterning of the optical response of
homogeneous graphene. We consider an extended doped clean
graphene sheet (EF = 0.3 eV, g = 1.21 × 104W/m2K, sub-
strate h = 4.4) exposed to a light intensity grating of 4µm
period, formed by the interference of two CW 785 nm pump
plane waves of equal intensity (Ipump each). (a) Spatial vari-
ation of the self-consistent electron temperature produced by
the pump with Ipump = 5GW/m2 (red solid curve, left scale)
and resulting optical conductivity in the local-RPA model
(blue curves, right scale) at a probing frequency of 7.2THz.
The ambient temperature level (300K) is shown for reference
(red broken line). (b,c) Near-field intensity plots in a plane
transversal to the graphene at the peak plasmon frequencies
shown in (d) for Ipump = 20GW/m2 (A) and 160GW/m2 (B).
(d) Absorption spectra probed in the THz region with (solid
curves) and without (dashed curve) light grating pumping for
various values of Ipump.
from the local-RPA conductivity σ, with ts ≈ 2/(1+√h);
this results deviates from the Te = 0 result [62, 63]
≈ 0.023 t2s due to thermally-driven saturable absorption
over the range of Ipump under consideration (see Figs. 10
and 12 in the Appendix). The resulting self-consistent
electron temperature Te reaches high values (∼ 7200K
for 5GW/m2) and displays a periodic pattern with a
max-to-min contrast ratio ∼ 2.5 [Fig. 3(a)]. This im-
parts a periodic pattern on the optical conductivity, effec-
tively transforming the optical response of the extended
graphene layer into that of a graphene ribbon array.
When examining the absorption spectra as a function of
probe frequency in the THz region [Fig. 3(b)], a promi-
nent resonance peak is observed, shifting up in frequency
as the pump intensity is increased. Interestingly, the res-
onant near-field probe intensity distribution [Fig. 3(b),
upper inset] reveals plasmon confinement in the minima
of Te regions, where Re{σ} reaches a minimum (i.e., low
inelastic losses), while Im{σ} is also minimum and con-
figures an effective plasmon potential well.
Incidentally, in the design of photothermal modulation
we need to reduce the electronic-heat diffusion distance
below the characteristic pattern distance (e.g., the optical
grating period,  De ≈ 638 nm under the conditions of
Fig. 3; see Fig. 11 in the Appendix).
III. CONCLUSION
In summary, we have shown that the characteristic
weak electron-phonon coupling in clean graphene allows
us to reach high electron temperatures well above the
lattice temperature, which in turn stays near ambient
levels under CW illumination conditions. This produces
strong photothermal modulation in the graphene opti-
cal response, which we exploit to predict large plasmon
shifts in ribbons. We further postulate this effect as an
efficient way of dynamically imprinting a spatial modu-
lation of the optical response in extended homogeneous
graphene, whereby a spatially patterned optical pump is
used to locally heat graphene electrons, thus tailoring an
on-demand nanoscale response. We illustrate this con-
cept by showing resonant absorption in a photothermally
imprinted grating, whose plasmons can couple to far-field
radiation, unlike those of homogenous graphene. Besides
circumventing the requirement of nanostructuring, this
approach can potentially enable fast plasmon modula-
tion relying on the ability to shape the light pumping
beams.
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FIG. 4: Temperature dependence of the optical conductivity of graphene. We plot the real (a) and imaginary (b) parts of the
graphene conductivity in the local-RPA limit, calculated from Eq. (A2) for EF = 0.4 eV and ~τ−1 = 10meV as a function of
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Appendix A: Temperature-dependent graphene chemical potential and optical conductivity
At zero temperature, the graphene Fermi energy EF is controlled by the doping carrier density n as EF = ~vF
√
pin,
where vF ≈ 106m/s is the Fermi velocity. At finite electron temperature Te, the occupancy of electronic states is
described by the Fermi-Dirac distribution fE = {exp [(E − µ) /kBTe] + 1}−1, where E is the electron energy and µ is
the chemical potential. The latter is determined by the condition that the number of carriers is conserved, and it can
be analytically approximated by the expression [38]
µ =
√√
(EF)
4
+
(
2 log2 4
)2
(kBTe)
4 − (2 log2 4) (kBTe)2. (A1)
We characterize the optical properties of graphene through its 2D conductivity, for which we adopt the local limit of
the random-phase approximation (local-RPA) [25, 40]
σ (ω) =
e2
pi~2
i
ω + iτ−1
µD −
∫ ∞
0
dE
fE − f−E
1− 4E2/
[
~2 (ω + iτ−1)2
]
 , (A2)
where µD = µ + 2kBTe ln
(
1 + e−µ/kBTe
)
is the effective Drude weight, while ~τ−1 is a phenomenological inelastic
scattering rate. We plot the temperature-dependent conductivity in Fig. 4 for the graphene parameters considered in
Figs. 1 and 2.
Appendix B: Self-consistent photothermal response of graphene
We adopt a two-temperature model to characterize the system, which describes the electron and lattice temperatures
Te and Tl in terms of the equations
Ce
dTe
dt
= pabs +∇ · (κe∇Te)−H (Te, Tl) , (B1)
Cl
dTl
dt
= ∇ · (κl∇Tl) +H (Te, Tl)−G (Tl − T0) , (B2)
where T0 is the ambient temperature, Ce and Cl are the 2D electron and lattice heat capacities (in J/m2K), κe and κl
are the 2D electron and lattice thermal conductivities (in W/K), pabs is the absorption density (in W/m2), H (Te, Tl)
describes electron-phonon coupling (see below), and G is the out-of-plane thermal conductance to the environment. In
our simulations, we take G = 5MW/m2K when graphene is supported on a substrate [48–50], and twice this value it
is fully embedded in a homogeneous medium. Under CW illumination, the temperatures reach a steady-state regime,
in which the left-hand sides of Eqs. (B1) and (B2) vanish, leading to
−∇ · (κe∇Te) = pabs −H (Te, Tl) , (B3)
−∇ · (κl∇Tl) = H (Te, Tl)−G (Tl − T0) . (B4)
6Because pabs is intrinsically dependent on Te through the optical conductivity of graphene [see Eq. (A2)], we need to
solve Eqs. (B3) and (B4), together with the optical response (i.e., pabs), in a self-consistent manner, for which we
use a numerical solver based on finite-element methods (FEM). We assume T0 = 300K throughout this work, unless
otherwise stated.
Appendix C: Electron-phonon coupling
The electron-phonon cooling power density H (Te, Tl) in the limit of large electron mean free path `, termed clean
limit in this work, is known to scale linearly with the difference between Te and Tl [47]:
H (Te, Tl) = g (Te − Tl) , (C1)
where
g =
D2µ4kB
2piρ~5v6F
, (C2)
ρ = 7.6× 10−8 g/cm2 is the mass density of graphene, and D is the deformation potential of this material. Note that
Eq. (C1) is valid for EF  kBTe and Te  TBG, where TBG = (2s/vF)EF/kB is the Bloch-Grüneisen temperature [43]
(TBG ≈ 186K for EF = 0.4 eV), and s ≈ 0.02vF is the speed of sound in graphene.
The presence of disorder has a strong influence on the electron-phonon coupling, producing a departure from a
linear to a cubic temperature dependence of the cooling power density [44]:
H (Te, Tl) = A
(
T 3e − T 3l
)
, (C3)
where
A =
1.2D2 |µ| k3B
pi2ρ~4v3Fs2`
.
In the simulations presented in Figs. 1, 2, and 4-9, we assume µ ≈ 0.4 eV, D = 20 eV (40 eV) in clean (disordered)
graphene, and ` = 10nm, leading to g = 3.84 × 104W/m2K and A = 2.24W/m2K3. In Figs. 3 and 11, we assume
the above value of D for clean graphene and a chemical potential µ ≈ 0.3 eV, leading to g = 1.21× 104W/m2K.
Appendix D: Electron and lattice thermal conductivities in graphene
Although the electronic thermal conductivity of graphene κe depends on both the carrier density n and the electron
temperature Te [51, 52], we assume a constant value with a similar order of magnitude as measured in experiment for
the temperature range considered in this work. More precisely, we take a 3D conductivity κe/t = 10W/mK, where
t = 0.33 nm is the graphene thickness. Additionally, we set the lattice thermal conductivity to κl/t = 100W/mK,
which is also consistent with experiment [53].
Appendix E: Analytical solution to the ribbon absorption at low intensity [dashed curve in Fig. 1(a)]
The smallness of the plasmon wavelength compared with the light wavelength and the two-dimensionality of
graphene have been extensively employed to produce accurate analytical solutions for the plasmonic response of dif-
ferent graphene structures, including graphene ribbons [25, 41]. The optical extinction and absorption cross-sections
are then nearly identical, and for a ribbon embedded in a homogeneous medium of permittivity h we have [25, 41]
σabs (ω)
A
=
4piω√
hc
Im
{αω
A
}
, (E1)
where A is the graphene area,
αω
A
= −hW
∑
j
ζ2j
ihωW/σ(ω) + 1/ηj
(E2)
is the polarizability polarizability per unit area, and ηj and ζj and eigenvalues and dipoles associated with different
plasmon modes j. This expression is valid for normal incidence and polarization across the ribbon. In Fig. 1(a),
we evaluate the above expression considering only the dominant lowest-order dipolar mode, for which we use [41]
η1 = −0.0687 and ζ1 = 0.943.
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FIG. 5: Intensity dependence of optical heating in the graphene ribbon of Fig. 1. (a,b) Surface-averaged electron (a) and lattice
(b) temperatures as a function of light frequency for various incident light intensities [see labels in (a)] using either clean (solid
curves) or disordered (broken curves) graphene. (c) Resonance frequency (left vertical axis) and FWHM (right axis) extracted
from the absorption spectra in Fig. 2(a) as a function of light intensity.
Appendix F: Analytical solution to the electron temperature in a ribbon [dashed curve in Fig. 1(b)]
In the clean graphene limit, H (Te, Tl) is given by Eq. (C1) and we empirically find Tl ≈ T0 [see Figs. 6(b) and
10(c,f)]. We can then impose Tl = T0 and further approximate the absorption density as pabs = P cos (pix/W ), where
P = (pi/2)I incσabs/A is adjusted in order to reproduce the total absorbed power I incσabs (see Fig. 9), while x is
the spatial coordinate across the ribbon (with −W/2 < x < W/2). This approximation allows us to solve Eq. (B3)
analytically:
Te = T0 +
P cos (pix/W )
pi2κe/W 2 + g
+ C
[
exp
(
x+W/2
De
)
+ exp
(
−x−W/2
De
)]
, (F1)
where De =
√
κe/g is a characteristic thermal diffusion distance and C is an integration constant that we fit
in such a way that the electron-phonon cooling rate fully compensates for optical absorption [i.e., I incσabs/A =
(g/W )
∫W/2
−W/2 (Te − T0) dx]. This procedure, which we can apply to any choice of geometrical and illumination pa-
rameters as long as we can approximate Tl ≈ T0, produces the dashed curve in Fig. 1(b), in good agreement with the
numerically calculated Te profile, except for a small underestimate of Te, essentially accounted by the nearly uniform
difference Tl − T0 ≈ 4K obtained in the self-consistent numerical calculation.
Appendix G: Additional simulations
We present additional simulations in Figs. 5-11 (see main text for further discussion).
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